Abstract: Human cytomegalovirus (HCMV) is an opportunistic pathogen causing disease mainly in immunocompromised patients or after congenital infection. HCMV infection of the respiratory tract leads to pneumonitis in the immunocompromised host, which is often associated with a bad clinical course. The related mouse cytomegalovirus (MCMV) likewise exhibits a distinct tropism for the lung and thus provides an elegant model to study host-pathogen interaction. Accordingly, fundamental features of cytomegalovirus (CMV) pneumonitis have been discovered in mice that correlate with clinical data obtained from humans. Recent studies have provided insight into MCMV cell tropism and localized inflammation after infection of the respiratory tract. Accordingly, the nodular inflammatory focus (NIF) has been identified as the anatomical correlate of immune control in lungs. Several hematopoietic cells involved in antiviral immunity reside in NIFs and their key effector molecules have been deciphered. Here, we review what has been learned from the mouse model with focus on the microanatomy of infection sites and antiviral immunity in MCMV pneumonitis.
Introduction
Human Cytomegalovirus (HCMV, Human Herpesvirus 5) is a member of the β-herpesvirus subfamily and has a large double-stranded DNA genome of~230 kilo base pairs [1] . Worldwide, HCMV infection is highly common, with seroprevalence rates ranging from 40 to nearly 100%. Primary infection is usually subclinical in healthy adults due to a complex antiviral immune response. However, the antiviral immune response cannot eliminate the virus, nor can it reliably prevent superinfection with additional HCMV strains or reactivation of the persisting virus. Thus, alterations in host immunity may allow for increased virus replication and manifestation of HCMV disease. Among the high-risk group are patients receiving immunosuppressive medication for prevention of organ transplant rejection, infection with immune-modulating pathogens such as human immunodeficiency virus (HIV), and infection in the early life period. In fact, congenital HCMV infection is the most frequent infectious cause of long-term neurological damage, such as sensorineural hearing loss and mental retardation [2] . Together, although HCMV is considered as an opportunistic pathogen, HCMV infection causes considerable clinical and economic burden [3] . Notably, HCMV exhibits a broad tissue tropism and thus various clinical symptoms have been described in patients suffering from Cytomegalovirus (CMV) disease. However, hepatitis, enterocolitis, retinitis, neurologic sequelae, and pneumonitis are among the most frequent organ manifestations [3] .
The murine Cytomegalovirus (MCMV) has proven as an elegant tool to study principles of CMV infection in rodents that allow translation into the human system [4] . Several studies thus have been performed to study CMV pneumonitis in mice and defined the role of various immune cells to be involved in the anti-MCMV response. Moreover, modern imaging technology has led to identification of virus cell tropism in various organs. Finally, anatomical correlates of immune control have been defined in situ. These findings are in parallel to observations made in humans after HCMV infection and thus provide additional mechanistic insight into disease pathogenesis. Here, we focus on current knowledge about CMV infection of the respiratory tract and review what has been learned from studying the mouse cytomegalovirus (MCMV) in rodents.
Clinical Problem-HCMV Pneumonitis

High Risk Groups
Various clinical conditions have been associated with a high risk of HCMV infection leading to interstitial lung disease. Pneumonitis is the most common manifestation of HCMV infection in hematopoietic stem cell transplant (HSCT) recipients and a life threatening condition with high mortality rates [5, 6] . Likewise, solid organ transplant recipients are at high risk to experience HCMV lung infection [7, 8] . Despite antiviral prophylaxis HCMV pneumonitis may occur after lung transplantation and is associated with poor outcome [9] . HCMV lung infection is also a common disease of HIV infected patients [10] and HCMV pneumonitis can be the first manifestation of severe combined immunodeficiency (SCID) [11] . Moreover, neonatal HCMV pneumonitis often leads to chronic lung disease with fibrosis [12] . Interestingly, all of the aforementioned high-risk groups for HCMV pneumonitis show impairment in T cell immunity already indicating a relevant role for this immune cell type. Nevertheless, rare cases of HCMV pneumonitis have been observed in immune competent patients thus implying that also determinants of pathogenicity encoded by the virus may be causative for lung disease [13] [14] [15] .
Clinical Symptoms and Diagnosis
HCMV lung infection can be asymptomatic under immunosuppression with clinical symptoms arising with recurring immune responses [16, 17] . Symptoms are unspecific and include dry cough, breathlessness, dyspnoea on exertion, and fevers [18] . Radiological findings in HCMV pneumonitis are also rather unspecific and include diffuse interstitial infiltrates in chest radiography, and ground-glass opacity, small nodules and others in computed tomography [19] . Conclusively, the clinical and radiologic findings are typical for several causes of interstitial lung inflammation and this may cause difficulties for diagnosing HCMV pneumonitis [20] . Thus, the diagnosis of suspected HCMV pneumonitis is made by a combination of positive CMV serostatus together with detection of virus DNA in blood and/or bronchoalveolar lavage samples. However, the amount of HCMV DNA in bronchoalveolar fluids cannot differentiate between HCMV pneumonitis and asymptomatic pulmonary virus shedding [21] . Lung biopsy may allow to directly detect HCMV infection via immunohistopathology. Together, diagnosis of HCMV pneumonitis can be challenging and HCMV may also lead to asymptomatic infection of the lung.
Transmission and Ports of Entry
HCMV can be found in various body fluids [22, 23] hence transmission pathways are likely manifold and include sexual as well as blood exposure. Systemic spread of the pathogen then may lead to secondary lung infection. In addition to transplacental infection in utero (congenital), newborns are at increased risk for perinatal infection via exposure to secretions in the birth canal or ingestion of virus-containing breast milk [24] . Interestingly, neonates and infants exhibit protracted shedding of virus in urine and saliva [25] . Accordingly, close contact to infected infants in day-care centers increases the risk of HCMV infection [26] . The latter observation implies that infection via the respiratory tract and HCMV pneumonitis may not only be the result of systemic virus dissemination within the host but also the result of direct airway exposure [27] . In fact, HCMV pneumonitis has been observed more frequently in perinatally than congenitally infected neonates supporting the notion that inhalation of the virus rather than a secondary manifestation after systemic spread causes infection of the respiratory tract [12] . Conclusively, besides dissemination to the lung after systemic infection, inhalation of contagious body fluids is a potentially relevant cause of HCMV infection and may lead to pneumonitis. Considering that HCMV infection does not necessarily lead to clinical symptoms together with the fact that pulmonary virus shedding can be observed in asymptomatic patients raises the question if infection via airway exposure is a currently underestimated transmission pathway of this pathogen.
HCMV Cell Tropism in the Respiraory Tract and Histopathological Findings
Cytomegalovirus mediates typical cytopathic effects with distinct morphological changes of infected host cells. Intra-nuclear inclusion bodies lead to owl's eye appearance of these enlarged cells, thus allowing direct detection of CMV infection in histopathology [28] . Accordingly, HCMV-infection has been observed morphologically or via immunohistochemistry and in situ hybridization in alveolar epithelial cells (AEC), mesenchymal cells and macrophages (Mφ) of the respiratory tract [29] [30] [31] . These HCMV-infected cells are accompanied by an inflammatory monocytic infiltrate [31] . Unfortunately, studies with comprehensive evaluation of histopathologic changes due to HCMV lung infection are rare. Accordingly, it is currently unknown how an acute HCMV infection manifests in the lung in the early phase and which immune cells are present at the site of infection to prevent overwhelming replication of the pathogen.
Summary
Pneumonitis may be a life-threatening manifestation of HCMV infection observed in patients with altered immunity and to a much lower extent in immunocompetent hosts. However, primary HCMV lung infections likely proceed with minimal symptoms in immunocompetent hosts and thus do not lead to medical consultation and diagnosis. The specific circumstances leading to symptomatic HCMV lung disease are not well defined as the alterations in immunity of the high-risk groups are diverse. Certainly, the high risk groups share alterations in T cell immunity and thus, T cell therapy in HCMV-infected HSCT patients is under clinical evaluation [32] . Hence, determinants of CMV lung infection have been studied in more detail in animal models which allow abrogation of specific immune functions and thus permit mechanistic insights into antiviral immunity in the respiratory tract. Several critical aspects of MCMV immune control after lung infection have been defined in the mouse model and these findings may be extrapolated to the human system.
Insights Obtained from the Animal Model-MCMV Pneumonitis
Infection of mice with MCMV is a well-established model to study antiviral mechanisms and infection of the respiratory tract shows fundamental similarities to HCMV infection. Already in 1978 Jordan described an interstitial pneumonitis caused by MCMV after intranasal application of the virus [33] . Moreover, MCMV established latent infection and reactivated in lung parenchyma after total-body gamma-irradiation following intraperitoneal application of the virus into neonates or subcutaneous (intraplantar) infection of adults [34] [35] [36] . The use of different genetically modified mice together with MCMV recombinants provide an elegant platform to dissect immune mechanisms involved in control of CMV lung infection. Accordingly, various studies provided insight into MCMV tropism to cells of the respiratory tract, leukocytes present at the site of infection, and relevant immune cells and effector molecules involved in control of lung infection.
MCMV Cell Tropism in the Respiratory Tract and Ports of Entry
The lung parenchyma mainly consists of blood vascular endothelial cells (VEC) and AECs. Together, these cells build up a very thin blood-air barrier that allows gas exchange in the respiratory tract. Moreover, fibroblast (FB)-like stromal cells and immune cells have been described to be localized in the lung interstitium [37] . The alveoli lining epithelium is constantly renewed to allow permanent tissue integrity. In this respect, type 2 AECs (AEC2) are precursors of type 1 AECs (AEC1) and the latter outnumbers the first in absolute cell numbers and cell membrane surface area [38] . Finally, alveolar macrophages (AM) patrol the alveoli to take up airborne particles and thereby allow undisturbed gas exchange [39] . Interestingly, systemic or peripheral application (intravenous, intraperitoneal, or subcutaneous) as well as inoculation of the virus directly into the respiratory tract (intranasal, intratracheal, or laryngopharyngeal) leads to infection of the lung. This indicates that the blood-air barrier lining cells of the lung are both susceptible to MCMV infection, from the air as well as from the blood side (Figure 1a) . Indeed, in accordance with findings obtained from human tissue, pro-surfactant protein-C + AEC2s and CD11c + Siglec-F + AMs have been identified to be primary targets of MCMV after inoculation of the virus from the respiratory side and have previously been suggested as targets after systemic infection of animals with immunodeficiency [40] [41] [42] [43] [44] [45] . However, infection of AMs depends on the expression of an intact MCMV-encoded chemokine 2 (MCK2) as an MCMV strain with a truncated version of the protein (MCK2 − ) did not infect this cell type [43] . Interestingly, MCK2 is part of the gH/gO/MCK2 entry complex and also has been shown to promote infection of liver macrophages [46] . Finally, subsequent infection of cells with FB morphology has been described in vivo [42] and this was confirmed by the observation that gp38 + PDGFRA + PDGFRB + CD31 − stromal cells isolated from lungs are highly susceptible to MCMV infection in vitro [47] . Considering the various cell types that are susceptible to MCMV infection, the virus has elaborate options to propagate within the lung via cell-to-cell spread. However, as MCMV infection interferes with expression of cell membrane proteins, caution is required when new virus cell targets are identified by antibody staining of cell surface markers [48] [49] [50] [51] . Due to the close contact to blood circulation, the virus likely uses multiple pathways to disseminate from the lung to other organs and vice versa. A recent study reported dendritic cells (DC) to be involved in systemic spread from the lung exploiting the lymphatic system [52] . However, MCMV is perfectly capable of spreading to the salivary glands after intranasal infection in total-body gamma-irradiated mice when most of the leukocytes are absent [47] . Similarly, Rag2 −/− Il2rg −/− which lack lymph nodes [53] show unrestricted dissemination of a MCK2 − virus to salivary glands, liver, spleen, kidneys, and other organs after intranasal infection (own unpublished observation). MCMV primarily targets the lung parenchyma and the nasal (olfactory) epithelium after intranasal infection [54] . Accordingly, the virus may spread from either the lungs or the olfactory epithelium to other organs independent of DCs and lymph nodes after intranasal application. Less is known on infection of the respiratory tract after systemic or peripheral application of the virus. However, infection of transgenic mice with an endothelial-specific receptor tyrosine kinase (Tie2) promoter driven expression of Cre recombinase with an MCMV-flox recombinant virus leads to infection of the lung indicating that VECs are a direct target after systemic infection [55] . However, Tie2 expression is not VEC-specific but also found in pericytes which share similarities with FBs [56] . In this respect, MCMV tropism for lung blood VECs needs further formal verification via histology. Studies of other possible entry pathways, e.g., infection by immigrating virus-containing monocytes from the blood circulation, are currently not available. In summary, lungs are a robust target of MCMV infection independent from host immunity or infection route and thus frequently involved when a host encounters this pathogen. 
Nodular Inflammatory Focus as Site of Immune Control in Lungs
MCMV infection of lung parenchyma cells is followed by a local cell-to-cell spread of the virus within the organ tissue and thus leads to focal clusters of infected cells in juxtaposition with each other. The appearance of localized multiple infected cells is comparable to observations made in vitro where MCMV leads to formation of plaques due to its cytopathic effect in susceptible cells [42, 47] . However, formation of plaque-like structures in vivo attracts leukocytes into interstitial regions of the lung. Thus, three weeks after virus administration CD3ε + T cells have been detected next to MCMV-infected cells in inflammatory foci of the lung after bone marrow transplantation into totalbody gamma-irradiated mice [41, 57] . Similarly, a cluster of MCMV infected cells were described in lungs of neonatal mice after intraperitoneal infection [58] . A more comprehensive study in neonatal mice provided insights into the diversity of immune cells present at the site of infection [42] . In this study, the authors found many myeloid cells to be present at the site of infection-a fact which has not been reported in previous studies. Due to the abundance of myeloid cells and resulting granuloma-like appearance of these structures the term "nodular inflammatory focus" (NIF) was adopted from the description of histopathological findings in immunocompromised patients with HCMV pneumonitis [42, 59] . In a following study by the same group, NIFs were more precisely described in adult lungs after intranasal MCMV infection [47] . As MCMV initially infects many cells at different sites within the organ, multiple NIFs are distributed throughout the lung parenchyma. Immune cells found in NIFs are of lymphoid as well as myeloid origin (Figure 1b) . CD3 + CD4 + and CD3 + CD8 + T, natural killer (NK), and B cells are present in NIFs of neonatal and adult lungs [42, 47] . Moreover, ɣδ T cells have been described to enrich after MCMV lung challenge and it is likely that they also accumulate in NIFs. However, their location within the organ during an MCMV challenge has not been studied yet [60] . The myeloid cells present in NIFs have been positively stained via 
MCMV infection of lung parenchyma cells is followed by a local cell-to-cell spread of the virus within the organ tissue and thus leads to focal clusters of infected cells in juxtaposition with each other. The appearance of localized multiple infected cells is comparable to observations made in vitro where MCMV leads to formation of plaques due to its cytopathic effect in susceptible cells [42, 47] . However, formation of plaque-like structures in vivo attracts leukocytes into interstitial regions of the lung. Thus, three weeks after virus administration CD3ε + T cells have been detected next to MCMV-infected cells in inflammatory foci of the lung after bone marrow transplantation into total-body gamma-irradiated mice [41, 57] . Similarly, a cluster of MCMV infected cells were described in lungs of neonatal mice after intraperitoneal infection [58] . A more comprehensive study in neonatal mice provided insights into the diversity of immune cells present at the site of infection [42] . In this study, the authors found many myeloid cells to be present at the site of infection-a fact which has not been reported in previous studies. Due to the abundance of myeloid cells and resulting granuloma-like appearance of these structures the term "nodular inflammatory focus" (NIF) was adopted from the description of histopathological findings in immunocompromised patients with HCMV pneumonitis [42, 59] . In a following study by the same group, NIFs were more precisely described in adult lungs after intranasal MCMV infection [47] . As MCMV initially infects many cells at different sites within the organ, multiple NIFs are distributed throughout the lung parenchyma. Immune cells found in NIFs are of lymphoid as well as myeloid origin (Figure 1b) . CD3 + CD4 + and CD3 + CD8 + T, natural killer (NK), and B cells are present in NIFs of neonatal and adult lungs [42, 47] . Moreover, γδ T cells have been described to enrich after MCMV lung challenge and it is likely that they also accumulate in NIFs. However, their location within the organ during an MCMV challenge has not been studied yet [60] . The myeloid cells present in NIFs have been positively stained via immunohistochemistry for CD11b, F4/80, CD11c, CD169 and CD103 indicating presence of a mixed population of cells including monocytes (Mo), and potential antigen-presenting cells (APC) such as macrophages (Mφ) and DCs. The presence of NIFs is a temporally dynamic phenomenon as the immune cells found in NIFs are involved in control of MCMV infection [41, 42, 47, 57] . Thus, these structures disappear in immunocompetent hosts after the virus is controlled [42, 47] , although peribronchial antigen-specific T cells can still be found in latently infected lungs [61] . In contrast, presence of NIFs is extended in lungs of infected immunocompromised hosts such as T cell-deficient and neonatal mice [42, 47] . In this situation, infection may lead to morbidity and/or prolonged virus replication. Similarly, MCK2 + MCMV infection leads to more inflammation and increased NIF size if compared to MCK2 − virus and this was accompanied with higher virus loads [43] . Accordingly, understanding the antiviral mechanisms operating within NIFs is crucial to predict consequences for lung parenchyma integrity and immunopathology.
Immune Cells in MCMV Pneumonitis
Various models have been used to study antiviral immunity against MCMV infection in mice including different infection routes, virus strains, mouse strains, and time-points of analysis post infection. The ample amount of data provides strong evidence for the role of various immune cells involved in control of MCMV infection. However, growing evidence for tissue-specific differences in immune cells and their effector mechanisms requires assessment of antiviral immunity in an organ-specific context with focus on mechanisms relevant locally at the site of infected tissue [62] . Unfortunately, lung virus loads have been measured mainly after systemic MCMV infection. Thus, the effects observed in the lung could be the result of indirect non-lung antiviral immunity and a secondary process of decreased dissemination from other organs. Here, we summarize what is known on anti-MCMV immune responses in the respiratory tract hypothesizing that one can correlate effects on lung virus titers to modes of action in situ within NIFs. Table 1 surveys hematopoietic cells implicated in antiviral immunity with ascribed function in MCMV pneumonitis independent of the route of infection. 
αβ T Cells
The role of immune cells in control of MCMV lung infection was first demonstrated by application of antiserum to murine lymphocytes in MCMV-infected mice. Apparently, this antiserum lead to in vivo depletion of lymphocytes and caused fatal MCMV disease with high viral loads in the lungs of MCMV-infected animals [45] . Similarly, administration of the immunosuppressive chemotherapeutic agent cyclophosphamide or total-body gamma-irradiation increased virus loads in lungs of mice infected with MCMV [40, 77] . Both procedures interfere non-specifically with haematopoiesis. Thus, although these early experiments established that immune cells are critical for control of MCMV infection, the role of different immune cell subsets could not be extrapolated from that data. More mechanistic insight was provided by adoptive transfer of antigen-experienced CD8 T cells into total-body gamma-irradiated mice. This procedure reduced virus loads in lungs and established the predominant role of CD8 T cells in control of MCMV lung infection [40, 63] . Moreover, antibody-mediated CD4 T cell depletion in vivo increased virus titers in the lungs [66] . However, the effects of CD4 T cells seemed to be of minor importance in comparison to those of CD8 T cells. From these early studies various models were used to more precisely dissect the role of CD4 and CD8 T cells during MCMV challenge.
In a model of syngeneic bone marrow transplantation T cells were found in proximity to MCMV-infected lung parenchymal cells in histology sections [57, 65] . Apparently, this T cell population contained MCMV-specific CD8 T cells with ex vivo cytotoxic capacity. Moreover, T cell reconstitution and presence of CD8 T cells in lungs temporally coincided with reduction of virus loads implicating direct antiviral effects of MCMV-specific CD8 T cells in the lung parenchyma. In the same model, in vivo depletion of CD8 T cells had a stronger effect on lung virus loads than depletion of CD4 T cells only [41, 64] . However, long-term in vivo depletion of CD8 T cells still lead to effective control of MCMV in lungs when CD4 T cells were present [67] . More recent studies found MCMV-specific CD8 T cells to expand after both intraperitoneal and intranasal infection [78, 79] . MCMV infection of athymic nude mice which lack T cells lead to progressive virus replication with pneumonitis [80] . Thus, CD4 and CD8 T cells may substitute for each other during chronic infection but simultaneous absence of both leads to severe disease.
Antigen-specific CD4 T cells were detected in lungs of MCMV-infected C57BL/6 mice in the acute but not latent infection phase [68] . The same group generated transgenic mice with a CD4 T cell receptor specific for a sequence of the MCMV encoded M25 protein. Adoptive transfer of antigen-experienced CD4 T cells obtained from these mice were protective in the lung of total-body gamma-irradiated mice [70] . Moreover, this study highlighted the role of Interferon gamma (IFN-γ) secreted by CD4 T cells whereas perforin-mediated cytotoxicity was not relevant for the control of lung infection. Most MCMV-infected cells in the lung do not express MHC-II and thus CD4 T cells cannot directly recognize these cells for directional degranulation of enzymes. Interestingly, adoptive transfer of low numbers of M25-specific CD4 together with M38-specific CD8 T cells was more effective than each cell type on its own in reducing virus titers in lungs. Thus, this study elegantly confirmed the previous assumptions that CD4 and CD8 T cells control MCMV lung infection cooperatively. Accordingly, the increased virus loads in NIFs of lungs after intranasal infection of T and B cell deficient Rag2 −/ − mice could be rescued by adoptive transfer of polyclonal antigen inexperienced CD4 together with CD8 T cells [47] . In this model CD8 T cells partially reduced virus loads in lungs whereas transfer of purified CD4 T cells was not protective. Importantly, adoptive transfer of CD4 and CD8 T cells obtained from perforin-deficient Prf1 −/ − into Rag2 −/ − mice led to the same virus loads as if compared to transfer of cells obtained from wildtype mice. In contrast, higher virus loads in lungs were found when cells were obtained from Ifng −/ − mice and transferred into Rag2 −/ − mice. Thus, not only CD4 T cells but also CD8 T cells acted independent from perforin-mediated cytotoxicity, but both applied IFN-γ. Cytomegaloviruses are notorious for interfering with immune responses. In particular, MCMV encoded m06 and m152 prevent antigen presentation on MHC-I molecules of infected cells [48, 81] . Thus, CD8 T cells may not recognize their cognate antigen presented on MCMV-infected cells and therefore lack directionality to secrete perforin and granzyme granules into an immunological synapse [82] . Accordingly, paracrine impact of effector molecules secreted by T cells, such as IFN-γ, seem to be of higher relevance than direct cytotoxicity to control MCMV infection in the respiratory tract. Moreover, CD4 T cell mediated control of MCMV lung infection is increased in absence of IL-10, likely via increased production of IFN-γ and TNF-α [69] . In summary, there is ample evidence for T cells to be critical in control of MCMV lung infection. Although CD8 T cells seem to be more dominantly involved in control of acute infection, there is an important role for both CD4 and CD8 T cells.
NK Cells
In 1984 Bukowski et al. proposed natural killer (NK) cells to be involved in reducing virus loads in lungs of MCMV-infected C57BL/6 mice. In vivo depletion of NK cells with anti-asialo ganglioside (GM1) antibodies increased MCMV pathogenesis and virus titers [71] . However, it needs to be mentioned that GM1 is expressed by various immune cells thus lacking specificity for NK cells. Nevertheless, the role of NK cells for control of MCMV lung infection was confirmed later utilizing anti-NK1.1 antibodies for cell depletion [72] . Both, IFN-γ as well as perforin were proposed to be involved in lung protection. Accordingly, Rag2 −/ − Ifng −/ − and Rag2 −/ − Prf1 −/ − mice both had more infected cells in lungs than Rag2 −/ − mice and IFN-γ producing NK cells could be isolated from MCMV-∆m157 infected lungs suggesting a role for these cells when T cells are absent [47] . In the same study, application of anti-NK1.1 antibodies into wildtype mice had only a minor effect on virus titers after intranasal MCMV-∆m157 infection. Thus, host immune status, infection route, and observation time point after infection most likely affect the antiviral role of NK cells in lungs. Interpretation of studies on natural killer (NK) cell responses against MCMV in lung infection requires caution as expression of the activating NK cell receptor Ly49H varies between mouse strains. In this respect, NK cells of the commonly used mouse strain C57BL/6 express Ly49H and thus C57BL/6 mice were considered to be more resistant to MCMV infection than "susceptible" Ly49H − BALB/c mice. Moreover, the interaction of Ly49H + NK cells with MCMV-infected cells can be subverted by targeted deletion of the MCMV encoded Ly49H ligand m157 [83] . Accordingly, in studies with MCMV-m157 + of C57BL/6 mice usually stronger NK cell-mediated antiviral effects were observed than with MCMV-∆m157 mutants. In another study, NK cells have been proposed to enhance CD4 T cell responses in an Il-10 deficient host [69] . Conclusively, there is ample data supporting a role for these cells in control of MCMV pneumonitis but future studies should aim to more specifically investigate how NK cells mediate their antiviral effects in the lung.
Myeloid Cells
Myeloid cells are highly abundant in NIFs and causative for their granuloma-like appearance. Interestingly, NIFs arise independently from the presence of lymphocytes and can be robustly detected e.g., in Rag2 −/ − Il2rg −/ − lymphopenic mice [47] . Mouse models with a specific lack of myeloid cells are currently not available. Thus, studying the role of this diverse cell population is difficult. Nevertheless, comparison of total-body gamma-irradiated mice, where hardly any hematopoietic cells can be detected, to Rag2 −/ − Il2rg −/ − lymphopenic mice may allow investigation of myeloid cells. In fact, viral titers are increased in lungs of total-body gamma-irradiated mice if compared to Rag2 −/ − Il2rg −/ − mice [47] . This in vivo data indicates a role for myeloid cells in interfering with MCMV infection. However, gamma-irradiation may have other effects on non-hematopoietic parenchymal cells that could be causative for increased virus titres in lungs in vivo. Nevertheless, in the presence of IFN-γ, combined culture of primary lung stromal cells together with lung Mφ interfered with MCMV plaque formation in vitro. A direct antiviral effect of IFN-γ was also observed later after infection when myeloid cells were absent [47] . Thus, IFN-γ stimulated myeloid cells possibly contain MCMV lung infection in situ as described in vitro. Remnants of cells infected with MCMV have been observed in myeloid cells within neonatal NIFs indicating that these cells phagocytose infected cells and consequently eliminate virions from the local infection site [42] . Some cells present in NIFs have been identified as antigen presenting cells, such as CD169 + or CD103 + DCs, and they may be involved in the unanticipated feature of NIFs as ectopic T cell priming sites. Moreover, these cells are likely important for cross-presentation of peptide to CD8 T cells [84] in the effector phase thus facilitating paracrine cytokine secretion of effector molecules by T cells, such as IFN-γ, to interfere with MCMV replication. A role for neutrophils in MCMV lung infection has been demonstrated by in vivo depletion of Ly6G + cells [74] . Virus titers were decreased in lungs four days after systemic infection and further functional analysis revealed TNF-related apoptosis-inducing ligand (TRAIL) to be the responsible molecule involved in neutrophil antiviral activity. A more recent study suggested CD11b + DCs to be involved in allergic airway disease [85] . In this study, intratracheal MCMV infection was combined with application of ovalbumin. Subsequent aerosol challenge with the same protein led to increased inflammation in the MCMV-infected group. Nevertheless, myeloid cells are also direct targets of MCMV and infection of AMs led to higher virus titres in lungs [43] . Interestingly, in vivo depletion of AMs via intranasal administration of clodronate liposomes reduced MCMV titers possibly by reduction of cells that could be infected primarily. However, the mechanism behind this finding is not known and it is also not known if AMs themselves contribute to immunity in MCMV pneumonitis. Finally, myeloid cells have been proposed to be important for virus dissemination [52] . Thus, the various subsets of myeloid cells may have versatile and opposed effects on MCMV infection and clearly need more attention in future studies.
Antibodies, γδ T Cells, and More
Absence of B cells in Ighm −/ − mice had no impact on control of MCMV in lung NIFs during the acute infection phase [47] . However, adoptive transfer of antigen-exposed B cells into Rag1 −/ − mice lead to measurable antibody titres and was protective later after infection [75] . Similarly, γδ T cells isolated from infected mice were protective in the lungs of MCMV-infected Rag1 −/ − mice [73] . Moreover, lungs of Tcrd −/ − mice had higher viral loads than wildtype mice at three days post infection indicating an innate antiviral effect against MCMV. Accordingly, progressively increasing numbers of γδ T cells could be detected in lungs of Tcra −/ − mice after systemic infection with MCMV supporting the hypothesis of infection-induced expansion of these cells [60] . In a study by Ebert et al. peritoneal cavity mast cells have been proposed as direct targets of MCMV infection and their degranulation affected CD8 T cell responses in the respiratory tract [76] . However, it is not known if lung-resident mast cells also affect MCMV lung infection in situ. Other cells which have been described to have antiviral effects such as plasmacytoid dendritic cells (pDC) or non-NK cell innate lymphoid cells (ILC) currently lack evidence to play a role in MCMV pneumonitis.
Integral Model of Anti-MCMV Immune Response in NIFs
In summary, several relevant antiviral immune mechanisms in control of MCMV lung infection have been discovered. APCs in NIFs present MCMV peptides to CD4 and CD8 T cells to facilitate anti-MCMV T cell immunity. This mechanism seems to be of particular importance for CD8 T cells as immune evasion features of the virus interfere with direct recognition of the infected cells. Hence, cross-presentation of peptide by APCs is required to maintain the CD8 T cell effector response. Accordingly, the main antiviral effects mediated by T cells in NIFs likely rely on cytokine secretion. In this respect, IFN-γ has been shown to be of relevance to directly inhibit virus spread and stimulate antiviral effects of Mφ's. IFN-γ is also produced by NIF NK cells during the early infection phase but these cells also likely directly recognize and kill infected cells in a perforin dependent manner. Under specific circumstances γδ T cells, neutrophils and antibodies may substitute or add to these major antiviral effects. Conclusively, the complex network of various immune cells present in NIFs synergistically interferes with overwhelming MCMV infection and contain the virus in focal sites of inflammation in the immune competent host. Consequently, MCMV infection may lead to symptomatic lung disease if one or more units of these antiviral mechanisms are altered.
Summary
In conclusion, virus replication in lungs and pneumonitis are frequently observed after infection of mice with MCMV. The virus may spread to the lung during systemic infection or spread from the lung to other organs after primary lung infection. AECs, AMs, and FBs have been identified as major targets of the virus after intranasal administration. CD4 and CD8 T cells are found in NIFs, crucial to control MCMV pneumonitis, and mediate their antiviral effects via cytokines. Other lymphocytes such as NK cells as well as myeloid cells are also present in NIFs and contribute to containment of the infection.
Perspective
Despite the ample data available on anti-MCMV immune responses in vivo there are several critical questions unanswered that need to be addressed in future studies. Age-related differences in MCMV immunity need to be defined to explain the prolonged lung infection in neonates. The role of transmission of the virus via airway exposure needs further attention to sensitize physicians for this route of infection. Genome analysis of HCMV strains need to be acquired to decipher determinants of pathogenicity.
Age-Related Differences in CMV Pneumonitis
CMV is the most relevant infectious cause of permanent disabilities in human children and HCMV has been shown to persist exceedingly long after infection if compared to adults [86] . Accordingly, lung infection of neonatal mice with MCMV had a prolonged course of infection if compared to lung infection of adults [42] . Moreover, systemic (intraperitoneal) MCMV infection of neonatal mice led to high recurrence from latency whereas recurrence was lower in adult mice after peripheral (intraplantar) infection [35] . The reasons for this are currently not known. Interestingly, adoptive transfer of SIINFEKL-specific CD8 T cells to neonatal mice infected with a SIINFEKL-expressing MCMV was not protective in lung NIFs [42] . Although the transferred cells could be detected in high numbers in NIFs and proliferated in an antigen-dependent manner, they could not decrease virus titres in the infected lung tissue. Thus, this data contradicts findings from infected adult mice using other models of lymphopenia and adoptive transfer of CD8 T cells [40, 47, 63, 65] . The cellular and molecular mechanisms behind this need further analysis to understand why the early life is such an advantageous window for CMV replication and consequential pathogen shedding to other hosts. In particular, the quality and phenotype of anti-CMV T cell responses in lungs during the early life need to be assessed and quantified. Moreover, age-related differences in the function of other immune cells such as NK, γδ T and other innate lymphoid cells as well as the role of maternal and infant antibodies need to be studied to define their contribution in control of neonatal CMV lung infection. Sophisticated MCMV infection models are needed to study principles of the underlying mechanism to subsequently confirm robust findings in any of the precious human samples collected from young children and neonates.
CMV Transmission via Airway Exposure
It needs to be addressed if primary infection of the respiratory tract via inhalation of contagious saliva is an important transmission pathway as suggested [27] . In this context, infection of the nasal (olfactory) epithelium and secondary systemic spread has been suggested as an additional infection route after intranasal MCMV application [54] . Thus, the virus may use multiple ways to invade the host after airway exposure. It is currently unclear if lung infection in the immune competent host leads to symptoms and thus can be robustly detected in epidemiologic studies. Interestingly, direct application of MCMV into the neonatal lung does not lead to the high morbidity as observed after intraperitoneal infection [42, 87] . Thus, infection via the respiratory tract may be a port of entry used by this opportunistic pathogen to spread from host to host especially during the early life period. Sensitive and specific correlates of lung CMV infection need to be established to detect and differentiate tissue-specific virus disease. Accordingly, new biomarkers need to be generated to address this question in a practical and ethical approach. Again, infection of mice with MCMV is likely the most attractive and feasible model to fill these gaps of knowledge with data.
CMV Determinants of Pathogenicity
It is currently not known if specific CMV genotypes are relevant for lung infection and which genetic determinants would be advantageous for the virus to spread between hosts. Thus, clinical CMV isolates obtained from lung infected hosts should be analysed for such genetic determinants. Definition of genetic determinants of pathogenicity would allow predicting CMV lung disease in the clinical setting. Inter-species homologous genetic regions may be studied in mice to understand any mechanism behind.
Conclusions
After more than four decades of research, many parallels between HCMV and MCMV pneumonitis have been identified. Both viruses (i) show tropism to similar host cells such as AECs, AMs and other FB-like cells, (ii) lead to comparable histopathology with focal influx of myeloid cells to the site of infection, (iii) and are controlled by the immune-competent host but lead to disease when T cell antiviral immunity is altered. These central common features between the two different species and corresponding viruses further support the use of the MCMV model to understand anti-CMV immune responses in humans. Experimental studies in mice provided insight into which immune cells act directly at the site of infection to contain the pathogen in NIFs. Key effector molecules involved in control of virus infection have been identified, providing the basis for improvement of therapeutic approaches. Moreover, the combination of the findings obtained from the mouse model together with epidemiological data raise the question if HCMV pneumonitis is an underdiagnosed primary manifestation of this virus infection. MCMV pneumonitis is mostly asymptomatic in resistant mice even in the early life period and human infants are known to shed high virus loads via saliva. Thus, lung infection with mild asymptomatic pneumonitis after inhalation of contagious saliva may be an underestimated infection route of HCMV that needs to be evaluated in future studies.
